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MATERIALS AND METHODS

Reagents
Acetonitrile (MeCN) was dried over 3 Å molecular sieves. Methanol (MeOH), ethanol (EtOH), acetone, chloroform (CHCl 3 ), 2',7'-dichlorofluorescein (DCF), NaBH 4 , 2-(aminomethyl)pyridine, pentafluorobenzaldehyde, and paraformaldehyde were purchased from Aldrich and used as received. Calcium chloride dihydrate, magnesium chloride hexahydrate, manganese(II) chloride tetrahydrate, ferrous ammonium sulfate hexahydrate, and cobalt(II) chloride hexahydrate were purchased from Mallinckrodt. Nickel(II) chloride hexahydrate was purchased from Strem, copper(II) sulfate pentahydrate from Baker, and zinc and cadmium chloride from Aldrich. All metal salts were used as received.
Materials and instrumentation
NMR spectra were acquired on either a Varian 300 MHz or a Varian 500 MHz spectrometer and referenced to internal probe standards for both 1 
Syntheses
The Zn 2+ probe ZAP4 was synthesized from commercially available compounds in two steps, by a route analogous to that used to prepare ZP1 and related probes (1, 2). The probe was isolated in high purity and yield (63%) as a pale pink powder without the need for chromatography. X-ray diffraction quality crystals of the lactone isomer can be grown from solutions in MeOH (Fig. S1 ). The synthesis of the 6-carboxy derivative 6-CO 2 H-ZAP4 is based on that used to synthesize 6-CO 2 H-ZP1(3), and precipitation from a MeOH solution yielded the probe in high purity as a red-orange powder (58%). 
Spectroscopic methods
Aqueous solutions were prepared with Millipore water. A 1.30 mM stock solution of ZAP4 in DMSO was prepared, separated into aliquots, stored at -25° C, and thawed in the dark immediately before use. A 0.99 mM stock solution of 6-CO 2 H-ZAP4 in DMF was prepared. All spectroscopic data were collected in a pH 7.0 buffer solution of 50 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) and 100 mM KCl unless noted otherwise. All spectroscopic data were taken at 25° C unless noted otherwise. Quantum yields were measured relative to fluorescein in 0.1 M NaOH (Φ = 0.95)(4). ZAP4 was dissolved in a 2:1 mixture of PIPES buffer:
10 mM ZnCl 2 to generate a 4.0 µM solution of the Zn B ZAP4 complex for its quantum yield measurement. The quantum yield of the Zn 2+ saturated form of the 6-CO 2 H-ZAP4 probe was measured in 670 µM ZnCl 2 . To calculate K d values, aliquots of 10 mM ZnCl 2 were added to 5-10 S7 µM solutions of the probes. After allowing 1 h for equilibration, the change in the absorption spectrum was assessed either optically or fluorimetrically. The full titration was then analyzed with the singular decomposition value program Specfit. All relevant species were at least 80%
formed during the titrations, in order to obtain accurate K d values for the zinc-binding events.
Kinetics of the response of ZAP4 to Zn
2+
The Zn 2+ -induced increase in fluorescence for ZAP4 was monitored over 2 h with λ em = 520 nm and λ exc = 506 nm (SI Appendix, Fig. S6 ). The increase in the fluorescent intensity is best modeled as a two-step process (A→ B→ C) with a fast first step (t 1/2 < 1 s) and a much slower second step (t 1/2 ~ 1,000 s). The first step likely corresponds to formation of the 2:1 Zn 2+ : ligand complex with the second step corresponding to the formation of a higher-order species. Variable temperature stopped-flow kinetics studies yield ∆H ‡ = 11.6 ± 0.2 kcal mol -1 and ∆S ‡ = 9.3 ± 0.5 cal mol -1 K -1 for the first visualizable zinc binding reaction (Fig. S8 ). These kinetic parameters are similar to those measured for ZP1 and related probes.
To the best of our knowledge, a strong secondary response to Zn 2+ had not been observed previously for related fluorimetric sensors. The secondary response is associated with an increase in the absorption of the 510 nm band, as assessed by deconvolution of spectrophotometrically monitored titrations. The optical band doubles in intensity as the ZAP4 probe is saturated with Zn 2+ , a change previously unobserved in Zn 2+ probes. The formation of Zn B -ZAP4 from Zn A -ZAP4 cannot be modeled accurately; the lack of a correlation between the rate and the concentration of Zn 2+ may indicate saturation kinetics at the high metal ion concentrations required for reactivity.
Metal ion selectivity of the fluorescent response
We determined the fluorimetric response of ZAP4 to several biologically relevant metal turn-on to increasing degrees, and with none of these metals did the final emission exceed that of the free probe.
Cell imaging
HeLa cells were plated onto sterilized glass coverslips and grown to 50% confluence in 
Membrane permeability of the probes
To study the probes' abilities to enter into cells, we treated HeLa cells with solutions containing each of the sensors. ZAP4 readily accumulates in HeLa cells (Fig. 1F top) . When treated with a 2:1 mixture of pyrithione: ZnCl 2 , the emission from cells treated with ZAP4
became brighter after one hour of incubation. The 6-CO 2 H-ZAP4 probe, conversely, did not enter cells (Fig. 1F bottom) 
Two-photon microscopy and neuronal imaging In vitro two-photon microscopy
Solutions of the Zn 2+ probes ZP1 (25 µM) and 6-CO 2 H-ZAP4 (5 µM) were prepared in artificial cerebrospinal fluid (ACSF). The probes solution were imaged at 700-1000 nm (excitation, 10 mW), 495-540 nm (emission) using a custom-made two-photon laser microscope (FV1000 MPE, Olympus) equipped with a Mai Tai HP DeepSee laser (Newport) with a 60X objective (NA1.0, LUMPlanFL N, FN26.5, Olympus) on an upright microscope (BX51, Olympus).
Preparation, staining and imaging of adult acute mouse hippocampal slices
Acute hippocampal slices were prepared from 40 to 80-day-old adult mice as described previously (5 washed by continuous perfusion with regular ACSF for at least 10 min.
To detect Zn 2+ release, the stained slices were depolarized with ACSF containing 90 mM After repeated washes in PBS, the slices were mounted onto slides along with height adjusting S11 spacers around the slices, and an antifade mounting medium was applied (ProLong Gold, Life Technologies).
Two-photon Zn 2+ fluorescent imaging was conducted using a custom-made two-photon laser scanning microscope based on an Olympus FV1000MPE/BX51WI microscope, equipped with a 60× objective lens and MaiTai HP DeepSee laser. The 6-CO 2 H-ZAP4 probe was imaged using 860 nm (excitation) and 495-540 nm (emission); Tdimer and Texas Red using 860 nm (excitation) and 575-630 nm (emission).
Image analysis
For Zn 2+ fluorescent image analysis, image stacks typically composed of 30-50 sections taken at 1 µm intervals were displayed in 3D, and the fluorescence intensity of the mossy fiber termini were measured by the spot function with intensity mean (Imaris, Bitplane). For the representative images, images were Gaussian filtered, background subtracted, and the 3D fluorescent images were projected to 2D by Imaris and Photoshop (Adobe). The Brainbow mouse high magnification image (Fig. 4A bottom) was deconvoluted (cellSens, Olympus). Figure S1 . ORTEP representation of the ZAP4 probe showing 50% thermal probability ellipsoids for all non-hydrogen atoms. Two solvated methanol molecules are removed for clarity. Crystal data and structural refinement parameters can found on pages S19-S28. Figure S3 . Spectra of the three distinguishable ZAP4 species calculated from the Specfit model used in Figure S2 . Based on observations made with previously prepared ditopic Zn 2+ sensors, the Zn A -ZAP4 complex is likely the 2:1 Zn 2+ : ligand species. Figure S4 . Independent comparison of optical spectra for Zn 2+ -saturated and Zn 2+ -free ZAP4. A 10 mM solution of ZAP4 in 100 mM KCl, 50 mM PIPES, 27 µM EDTA, pH 7.0 was used for the ZAP4 spectrum. To this solution was added 4.9 mg of solid ZnCl 2 to attain a Zn 2+ concentration of 12 mM. The solution was allowed to equilibrate for 60 min before acquisition of the Zn B -ZAP4 spectrum. The molar extinction coefficient increases from 4650 M -1 cm -1 to 8600 M -1 cm -1 . All data were acquired at 22 °C. Figure S8 . At least five data points were taken for each concentration, and the experiment was performed twice to ensure reproducibility. The calculated second-order rate constant for this run was found to be 3.09 (± 0.38) × 10 5 M -1 s -1 . Figure S8 . Eyring plot for ZAP4. Data were obtained over the temperature range of 4.3 to 20.6° C and modeled by a simple first-order A→B process. An excess concentration of ZnCl 2 (25-100 µM) was used for all measurements and was varied to obtain a second-order rate constant for each temperature. At least five data points were taken at each temperature, and the data set was collected twice to ensure reproducibility. Calculated kinetic parameters from the data: ∆H ‡ = 11.8 (± 0.2) kcal mol -1 , ∆S ‡ = 9.3 (± 0.5) cal mol -1 K -1 .
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